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Introduction
Dispersed oil droplets in water represent an environmental problem and are associated with a number of chemical industries, especially with offshore oil production. Produced Water is the water from oil reservoirs and it contains poly-dispersed droplets of crude oil. Produced Water can be disposed of by re-injecting into oil fields, however, frequently it is discharged directly into the sea. The quantities of Produced Water discharged into the sea per installation ranges from 860 to 2700 m 3 day -1 [1] . This poses a threat to aquatic life and this is the reason why the amount of oil in Produced Water that can be discharged into the sea is limited to 30 mg l -1 [2] . Hydrocyclones can be used as a secondary separator, after gravity sedimentation, for removal of oil content from the Produced Water. However, hydrocyclones are mainly efficient for droplets above 20 µm in size and for light oil drops [3; 4] .
Various membrane separation techniques can be used for the removal of oil droplets from water. Ultrafiltration is useful with low oil content, but has permeate flux rates lower than 100 l m -2 hr -1 which was found too low to be commercially attractive offshore [5; 6] . For Produced Water microfiltration has been studied by various researchers [7] [8] [9] [10] [11] . Higher flux rates (above 100 l m -2 hr -1 ) were achieved. Permeate flux rates in microfiltration depend on droplet size and type of membrane used. However, particles/droplets can be retained inside the membrane [12; 13] if filters/membranes with complex and torturous internal structures are used. The latter can cause severe fouling of the membrane used.
Recently, developments in membrane pore geometry have attracted great interest. Membranes with circular pores are often investigated [14] . In general, a membrane with smaller pore size (2 µm) has higher efficiency for separating oil droplets up to 10 µm compared to a 5 µm membrane [14] using the same trans-membrane pressure. However, even better separation of oil droplets was achieved with slotted pore-filters under lower trans-membrane pressure [13] . Different mechanisms govern the droplet passing through the membrane when circular or slotted pores geometries are used. When circular pore are used the trans-membrane pressure governs the droplets passing through the membrane into the permeate. In the case of slotted pores the drag force around the droplets induced by the motion of the fluid into the permeate is more important and is mostly responsible for the droplets passing through the membrane [2] .
Rotating, or vibrating, the membrane results in the creation of shear on the membrane surface [18] . In cross-flow filtration the shear rate over the membrane surface is applied by fluid flow at a high velocity [19] . While in shear enhanced filtration by vibrating the membrane shear is created even at a low fluid velocity [20] . Trans-membrane pressure reduced 4 times during microfiltration of oil/water emulsion by applying 8100 s -1 shear rate to the surface of the membrane [21] . Higher permeate flux rate has also been achieved by controlling the fouling of the membrane with the vibration of the membrane during filtration of yeast suspensions [22] . Permeate flux rate was found to be function of vibrational frequency and amplitude at which the membrane was vibrated [23] . Separation of deforming droplets is still a challenge for researchers. During filtration the initially spherical shape of the oil droplets deform and the degree of deformation depends upon the geometry of the membrane pores. In the following work the influence of membrane vibration, and resulting shear rate, on rejection of deformable oil droplets through a microfiltration slit pore membrane is investigated. A theoretical model is proposed to predict the rejection as a function of applied shear rate.
Theory
Static force (F c ) is the force responsible for the rejection of drops through the membrane when reach to the surface of the membrane and can be expressed as follows: [24] , (
Where  is interfacial tension between oil/water, sp R is the radius of the drop, and h is the half width of slot of the membrane and
The drag force exerted on a sphere moving between two pates is given in [25] as:
where w k is a wall correction factor,  is viscosity of the fluid, sp R is the radius of the spherical droplet and U is the velocity of the fluid. The droplet is under steady state conditions inside the pore, when cx F becomes equal to d F and 5 the droplets will be captured in this position. The droplet will deform and will pass through the membrane when cx d F F  and it will be rejected by the membrane in the case of
When vibration is imposed then the latter results in an applied shear rate. The latter results in a shear-induced migration velocity, v shm , directed away from the membrane surface and inertial lift velocity, v if , which is also directed away from the membrane surface. As a result initial droplet velocity in a vicinity of the membrane surface is decrease by v shm + v if . Shear-induced migration velocity of a single droplet away from the membrane surface is given [26] :
where shm v is shear-induced migration velocity,  is a numerical coefficient and its value is equal to 0.6 [26] ,  is shear rate, y is the distance from membrane surface to the centre of the droplet [27] ; 
Migration velocity of a droplet due to inertial lift, if v , was deduced in [28] :
where f  is density of the fluid and  is viscosity of the fluid.
Shear-induced migration and inertial lift velocity are calculated below according to Eqs (4) and (5) . Both velocities are directed oppositely to a migration, v 0 , caused by the flowing liquid.
The latter consideration shows that droplets reach the surface of the membrane with a velocity v, which is lower than the velocity of the flowing liquid:
Note the latter velocity was calculated when the droplet reached the membrane surface. The latter expression is used below for comparison with experimental data. Let make a simple analysis of the latter equation before using it.
If velocity of the droplet on the membrane surface becomes negative then the droplet cannot reach the membrane and will be transferred from the membrane. For a droplet of fixed radius sp R the latter will happen if the applied shear rate is above a critical shear rate
The latter is a decreasing function of the droplet radius, sp R . From other hand if we fix the applied shear rate then all particles with a radius bigger than
will not be able to reach the membrane surface and will be transfer from the surface. According to our experimental conditions   then all droplet of radius sp R will be transported away from the membrane surface, that is, 100% rejection will take place. Here,
The latter critical velocity increases with the droplet radius and applied shear rate. to clean the membrane.
Filtration
All filtration experiments were carried out using a 4 µm slotted pore membrane attached to a vibrating arm activated by an electromechanical oscillator. A replaceable membrane was attached to the vibrating head using a hollow steel rod that provided both structural support as well as the permeate flow tube. Frequency and amplitude of membrane were controlled and were adjusted between 0 to 100 Hz and 0 to 10 mm respectively.
Vibration is produced in the vertical direction that creates shear on the outer surface of the membrane. Emulsion feed was contained outside of the membrane and permeate was sucked, by a peristaltic pump (a positive displacement type of pump enabling almost constant flow rate conditions), and periodically collected in a measuring cylinder, trans-membrane pressure was recorded and the permeate returned to the feed tank. Trans-membrane pressure is defined here as the difference in pressures between the inside of the membrane and atmospheric pressure. Shear rate is a function of velocity along the membrane surface [29] , angular
) and velocity amplitude where f is linear frequency applied to the membrane. Shear rate at any instance of time, t, can be calculated as follows [29] :
where  is kinematic viscosity of water 0 v is velocity amplitude. The maximum value of the applied shear is equal to
. It is adopted below and in our calculation above that the peak shear rate is the value that determines the filtration performance and just this peak value max  is used as value  in eq.
(6).
Results and discussions
Droplets approach the membrane surface at the same velocity as the surrounding fluid velocity without shear rated imposed. It is assumed that droplets smaller than slot width pass through the membrane due to the drag force created by the fluid flow of the surrounding fluid. Static force ( cx F ) applied in opposite direction to drag force ( d F ) to the droplets bigger than slot width (see Fig. 1.) . Droplets deform and pass through the membrane when drag force is higher than static force ( d F > cx F ). The droplets are rejected by the membrane in the case of higher static force than the drag force ( d F < cx F ).
When shear rate is applied to the membrane shear-induced migration and inertial lift are created both directed away from the membrane. Migration velocities are a function of droplets size and applied shear rate (see Fig. 7 .).
Critical drops size would be the one above which drops do not reach the surface of the membrane, i.e. migration velocities due to shear rate is higher than the initial filtration velocity (Fig. 6.) . As a result a rejection of droplets increased see Fig. 7 . The experimental data presented in Fig. 7 . are in a good agreement with the similar experimental investigations undertaken in [30] . Droplets reach the surface of the membrane if velocity of droplets due to filtration with the surrounding fluid is higher than the sum of shear-induced velocities and inertial lift velocity (see Eqs (7) and (8)). A relation between the static force and the applied drag force is responsible for the rejection or transport of the drop through the membrane once the droplet reaches the membrane surface. With the applied shear rate, theoretical 100% cut-off would be when drops not reach to the surface of the membrane due to migration velocities and can be obtain using Eq 8. Applying shear rate produced inertial lift and shear-induced migration both directed away from the membrane surface. Smaller number of drops would reach to the membrane surface when shear rate is applied.
Reduction in number of drops reaching to the membrane surface is a function of the applied shear rate: increasing shear rate would reduce the number of reaching drop to the membrane surface. It is expected that rejection of drops through the membrane would be higher with the applied shear rate. As it is explained that migration velocities (shear-induced and inertial lift) is a function of drop size: higher the drop size higher would migration way from the surface of the membrane. So it can be seen (Fig. 8.) that 100% cut-off point decreased with the applied shear rate. At shear rate of 1200 s -1 , the theory is not in agreement with the experiments due to the fact that 1200 s -1 is not a high shear rate and most of the drops reach to the surface of the membrane without effecting by the applied shear rate. Once the drops reach to the surface of the membrane than static force is responsible for the rejection of drops through the membrane, and that is the reason that 100% experimental cut-off without and with 1200 s -1 shear rate are nearly the same. A satisfactory agreement (0, 3200, 8000 s -1 shear rates) of our experimental data with the theory predictions show that the presented mathematical model can be applied for a prediction of the 100% cut-off with and without shear rate applying to the membrane. found that rejection of droplets was the highest at the highest shear rate and was worse without a shear rate applied. It is clear that rejection of droplets decreased with increase of the filtration rate. 400 ppm in the feed solution was reduced to 7 ppm in the permeate with highest shear rate (8000 s -1 ) and the filtration rate of 200 l m -2 hr -1 . The latter is close to the 100% rejection in the agreement with the theory predictions. Table 1 shows that the higher the shear rate is the lower number of droplets was observed in the permeate.
Conclusion
Droplets moves at higher velocity to the membrane surface without shear rate applied as compared to velocity of droplets with applying shear rates. Lower velocity of droplets with shear rates is due to production of shear-enhanced diffusion and inertial lift force that acting in opposite direction to the filtration velocity. Migration velocity away from the surface of the membrane due to shear-enhanced migration and inertial lift forces is a function of the shear rate 13 applied. Better rejection of the droplets occurred when shear rate was applied to the membrane. Rejection of droplets by the membrane increases linearly with the applied shear rates. At the highest shear rate used and the filtration velocity 200 l m -2 hr -1 , 100% droplets rejection was predicted of droplets 3 μm radius size. Experimentally we found that 400 ppm of oil in the feed was reduced to 7 ppm oil in the permeate, which is close to the 100% rejection predicted. The study presented in the paper can be applied on industrial scale for separation of crude oil droplets from Produced Water with the oscillation of the membrane for better separation. Fig. 1 . Schematic view of deforming droplets at equilibrium position. 
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